In strains of Bacillus subtilis able to synthesize purines de novo, massive sporulation is suppressed by the combination of excess ammonia, glucose and phosphate. Purine auxotrophs, blocked in the general or the guanine-specific portion of the branched purine pathway, sporulated in such a medium when the purine required for normal growth was removed from the medium. The resulting spore titre and the sporulation frequency increased with the residual growth rate in the purine-free medium, i.e. with the leakiness of the purine mutation. Sporulation was further increased by allowing residual growth in growth-limiting amounts of guanosine. Non-leaky purine mutants blocked before 5'-phosphoribosyl-5-amino-4-imidazole carboxamide also sporulated well when supplied with 5-amino-4-imidazole carboxamide at concentrations (2 mM) that supported growth at a suboptimal rate.
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I N T R O D U C T I O N
Massive production of heat-resistant endospores is usually observed about 8 h after cells of the genus Bacillus are placed in an environment from which phosphate has been exhausted or in which the carbon or the nitrogen source is so slowly utilized that polymer synthesis (cell growth) can continue only at a very low rate (Schaeffer, 1969; Hanson et al., 1970) . Many other micro-organisms also differentiate under such conditions. It has been demonstrated, by the use of inhibitors or mutants blocked in known enzymes, that sporulation of Bacillus subtilis requires a much more precise metabolic balance than does growth; it is prevented by the intracellular accumulation of any organic acid (Freese et al., 1974) or by the action of certain inhibitors of nucleic acid or protein synthesis (Bohin et al., 1976; Rogolsky & Nakamura, 1974; Keilman et al., 1976; Rhaese et al., 1977; Burke & Spizizen, 1977) . Another attempt to identify compounds controlling sporulation utilized the fact that sporulation remains suppressed in the presence of rapidly metabolizable carbohydrates (e.g. glucose), nitrogen sources (e.g. ammonium ions) and phosphate. Mutants were isolated which can sporulate more or less well in the presence of these nutrients (Levisohn & Aronson, 1967; Ito & Spizizen, 1973; Kunst et al., 1974) ; strains that sporulated particularly efficiently were usually purine auxotrophs. In B. megaterium, all such auxotrophs were blocked in the early purine pathway, before 5'-phosphoribosyl-5-aminoimidazole (AIR) (Elmerich & Aubert, 1975 ) (see Fig. 1 ). Therefore, Elmerich & Aubert (1975) proposed that the accumulation of an early intermediate in the purine pathway may initiate sporulation, perhaps by binding to glutamine synthetase (see also Reysset & Aubert, 1975) . Attempts inlour laboratory to obtain significant sporulation of such an early-blocked purine mutant of B. subtilis in (pH 7.0), 100 m-morpholinopropanesulphonate (adjusted to pH 7 with NaOH), 2 mM-MgCl,, 0.7 m~-CaCl,, 50 p~-MnCl,, 5 pM-FeCl,, 1 p~-ZnCl,, 2 pM-thiamin, and the stated amounts of D-glucose and L-glutamate (adjusted to pH 7.0 with KOH) as carbon sources. (Bacillus subtilis metabolizes glucose rapidly and glutamate very slowly.) Added to this medium were the compounds required by auxotrophs (each at 50 pg ml-l) except where otherwise stated. Adenine, AICA, guanine, guanosine, hypoxanthine and xanthine stock solutions were prepared in dilute KOH.
Growth conditions. All strains were grown for 7 h at 37 "C on plates containing tryptose blood agar base (TBAB, 33 g 1-l; Difco) plus the required purine (50 pg ml-l). The cells were then inoculated at different low cell titres (ABOO to 10-3 into three flasks containing synthetic medium plus any required compound (each at 50 pug ml-l); these precultures were shaken overnight at 37 "C. When the A600 of one culture reached 0.4 to 0.5, the cells were collected by filtration through membrane filters (25 mm diam., 0.47 ,am pore size; Millipore), immediately washed with an equal amount of warm synthetic medium lacking the required purine and glucose, and resuspended using a vortex mixer in this medium plus glucose; 10 ml samples were distributed into warm (37 "C) 125 ml flasks containing various amounts of the required purine and incubated at 37 "C with vigorous shaking. Growth was monitored by measuring the A600 of the cultures (diluted in synthetic medium without carbon source). The total viable cell titre (V) was determined by diluting the culture in synthetic medium without carbon source and plating on TBAB plates. Spore titre (S) was measured by heating the diluted culture for 20 min at 75 "C and then plating. Spore and viable cell titres were usually determined 10 h after transfer to the new medium. Glucose, ammonia and phosphate were assayed as previously described (Mitani et al., 1977) .
For the determination of spore yields under normal sporulation conditions ( Table 2 , column 3), overnight cultures on TBAB plates containing the required purine (50 pg ml-l) were inoculated into synthetic medium containing 14 mwglucose, 10 m-L-glutamate, the required amino acids (each 50 pg ml-l) and the required purine (50 pg ml-l) (plus 100 pg hypoxanthine ml-l in the case of purine double mutants), to give an Asoo of 0-02 to 0.05. Cultures (2 ml) were then grown at 37 "C in 25 mm diam. tubes with vigorous aeration. In this medium, all glucose was used within 8 h; spore and viable cell titres were determined after 24 h. * Standard B. subtilis genetic symbols are used (Young & Wilson, 1975) . In addition Ade, Gua and Pur indicate, respectively, requirements for adenine, for guanine (GuaA can also grow on xanthine while GuaB cannot), and for adenine, guanine, xanthine or hypoxanthine. Where the three-letter abbreviation of an auxotrophic requirement begins with a capital, the genetic map location of the mutation is not known.
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p Classes as in Fig. 1 .
$ U V and EMS indicate, respectively, mutagenesis with ultraviolet light and ethyl methanesulphonate. Tf means transformation of the first strain by DNA of the second strain.
Biochemical classifcation of purine auxotrophs. Mutations affecting the purine pathway were classified as described by Magasanik (1962) and shown in Fig. 1 . Mutants of class 1, blocked before the synthesis of IMP, could grow on adenine, hypoxanthine, xanthine or guanine as a purine source due to the interconversion of AMP and GMP via IMP. Class 2 mutants responded to xanthine or guanine, class 3 mutants responded only to guanine, while class 4 mutants responded only to adenine. Class 1 mutants could be further subdivided by their ability to grow on AICA as a purine source (class l a or lb) and to excrete AICA (class lc) or AIR (class lb). The latter two compounds were determined by a colorimetric assay (Bratton & Marshall, 1939) after overnight growth on limiting hypoxanthine (5 pg ml-l).
The Gua mutants 61306 and 61307 were shown to have an additional Pur mutation in the general purine pathway since no Gua independent mutations could be found on plates of synthetic medium without any purine while they were observed on plates of synthetic medium containing hypoxanthine or adenine. The revertants required hypoxanthine (or adenine or guanine) for growth. All double mutants (Gua Pur) could grow on guanine as sole purine source because they contained GMP reductase converting GMP into IMP. Similarly the Ade Pur double mutant could grow on adenine as sole purine source because it rapidly converted adenine to hypoxanthine as was established by hypoxanthine measurements in the medium (see below).
Assay of guanosine, hypoxanthine etc. Guanosine, guanine etc. were assayed in the growth medium, after removal of cells by rapid (1 min) centrifugation, according to Coddington (1970) . This assay measures the sum of guanine, hypoxanthine, xanthine and their ribosides. When guanase is omitted only hypoxanthine, xanthine and their nucleosides are detected, and when nucleoside phosphorylase is also omitted only hypoxanthine and xanthine are detected. The increase of hypoxanthine or xanthine could therefore be directly assayed and the decrease of guanosine (and guanine) could be measured by the difference between the results 
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H20.
The sheets were eluted with 20 m-potassium phosphate buffer (pH 7.0) for 2 h. The relative elution sequence (from front to origin) was inosine > hypoxanthine 2 guanosine > xanthine > guanine. After autoradiography for 3 d with X-omat R X-ray film (Kodak) the radioactive spots were cut out (using a soldering iron with a thin hot copper tip) and counted in 10ml Aquasol (New England Nuclear) in a scintillation counter.
R E S U L T S
Characterization of purine auxotrophs We had previously isolated six independent mutants of B. subtilis able to sporulate well after transfer (at A,,, 0.5) from a rich medium, (containing amino acids, vitamins, purines and pyrimidines) to a minimal medium containing excess ammonia, glucose and phosphate. All six mutants were purine auxotrophs; three were blocked before AIR and three after it. Realizing the prevalence of purine mutants among the auxotrophs able to sporulate under these conditions, we investigated systematically the sporulation properties of all independently isolated purine auxotrophs of B. subtilis available to us.
The origin of the different purine auxotrophs is given in Table 1 . For some mutants, specifically indicated, the purine marker was transferred by DNA transformation into another strain in order to ascertain that the ability to sporulate as a result of purine deficiency transformed with the purine marker. Some adenine-or guanine-requiring mutants had a second mutation in the general purine pathway. The Ade Pur double mutants (for nomenclature, see Table 1 ) could grow with adenine or adenosine and the Gua Pur double mutants could grow with guanine or guanosine as sole purine source. Nevertheless, hypoxanthine (1 00 pg ml-l = 735 p~) was always added to satisfy the general purine requirement caused by the Pur mutation and adenine or guanine was added (or omitted) to satisfy (or to starve for) the specific requirements of the Ade or Gua mutation.
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197 The purine pathway can be subdivided into groups of reactions (Fig. 1) whose biochemical block in a purine auxotroph can be relatively easily identified, as has been shown by Magasanik (1962) . The classification of the mutants used here ( Table 1) was determined by the excretion of AIR or AICAR and by the growth response on feeding AICA, hypoxanthine, adenine, xanthine or guanine.
The genetic constitution of each mutant, apart from the purine marker, determines to what extent the mutant can sporulate at all. Therefore, ' normal ' sporulation (following exhaustion of glucose) was first measured in the presence of the required purine using a synthetic medium similar to that subsequently employed for the determination of sporulation during purine deficiency but containing less glucose (14 mM); this medium also contained 10 mwglutamate which served as a slowly metabolizable carbon source after glucose was used up at the end of growth. [The need for a slowly metabolizable carbon source for the normal sporulation of B. subtilis has been well established (Ramaley & Burden, 1970; Sugae & Freese, 1970) .] The standard pur+ strains (e.g. 60015) sporulated after the end of growth in this medium (measured after 24 h) (see Table 2 ; S/V = 0.3). Three mutants that could not produce at least lo7 spores ml-l in this medium and could also not sporulate well in the absence of purines were not used for further experiments; it was assumed (but not checked by genetic transfer) that these mutants contained other mutations (unrelated to the purine marker) which prevented normal sporulation. Other exceptions were strains 61716 and 61719; they sporulated poorly in the presence of purines, a property of their parent 61469, but at a high frequency in the absence of purines (Table 2 ). All other mutants listed in Table 2 produced at least lo7 spores ml-l following growth in the low glucose (plus glutamate) medium while the required purine was present (Table 2 , column 3). To our knowledge, all the mutants listed in Table 2 contained different, independently isolated, mutations in the purine pathway.
Growth and sporulation after removal of purine All mutants were grown in synthetic medium containing excess ammonia (20 mM), glucose (55 mM), phosphate (5 mM) and the required purine adenine, hypoxanthine or guanine (each 50 ,ug ml-l) (for the adenine and guanine auxotrophs, 100 pg hypoxanthine ml-l was also present). When the A6,, reached 0-5, the cells were washed and suspended in the same medium (with or without the required purine), and the resulting cultures were shaken at 37 "C. The result of a typical growth and sporulation experiment is shown in Fig. 2 . After removal of purine (time to), the A,,, of this particular strain continued to increase slowly and a significant number of cells sporulated. The hypoxanthine-containing culture produced no additional spores for 12 h after purine removal (t12) and showed only a small increase in spore titre at tza. The concentrations of ammonia and phosphate were still greater than half the initial concentrations up to t24. Glucose was used more rapidly but was still present (30 mM without and 2 mM with hypoxanthine) at t , and was exhausted in the hypoxanthine-free culture only after t12. Similar observations were made for all mutants containing independently isolated Pur mutations. Table 2 shows their residual growth after transfer to the purine-free medium, as well as the vegetative cell and spore titres at t,, (columns 4, 5 and 6). In the presence of purines all the strains grew at about the same rate (0.7 to 0.8 doublings h-l), but the extent of their residual growth after the removal of the required purine differed greatly ( Table 2 ). The spore titres at t,, in the presence of excess purines were less than 5 x lo5 ml for all mutants (except 61305,61307,61676 and 61677 -see below). They were significantly higher in the absence of the required purine, demonstrating the initiation of sporulation by removal of purine (Table 2) . (For the Ade or Gua mutants that had a second mutation in the general purine pathway, sporulation was measured with and without added hypoxanthine with essentially the same result.) It is apparent from Table 2 that different mutants sporulated to greatly different degrees. There was no correlation between the spore titres observed in the absence of the required purine (in high glucose) and those observed in the presence of purines * Strains were inoculated at A600 = 0.05 into synthetic medium containing 14 nm-glucose, 10 nmpotassium L-glutamate and the required amino acids and purine (each 50 pg ml-l) (plus 100 pg hypoxanthine ml-l for mutants of classes 2, 3 and 4).
p Strains were inoculated at A600 < 0.05 into synthetic medium containing 55 m-glucose and the required amino acids and purine (each 50 pg ml-l) (plus 100 pg hypoxanthine ml-l for mutants of classes 2,3 and 4). When the A800 reached 0.5, cells were washed on membrane filters with medium lacking purine and resuspended in that medium (for mutants of classes 2, 3 and 4 the medium also contained 100 pg hypoxanthine ml-l). The numbers represent averages of two to four experiments; the mean deviation was usually less than a factor of 3.
1 Increase of A600 in 3 h after removal of purine (AA) divided by the A600 immediately after resuspension. 5 This mutant sporulated even in the presence of the required purine(s). But the cultures of mutants in class 2 or 3 that had been transferred at Ago0 = 0.5 to a guanine-free medium showed a massive increase in their spore titre 2 h earlier.
after glucose (14 mM) had been used up. However, there was a good correlation between the spore titres and the residual growth observed after removal of purine (Fig. 3) . In fact, the correlation was surprisingly good considering the different genetic constitution (apart from the purine marker) of the different mutants (as demonstrated by the differences in their sporulation frequencies under ' normal ' sporulation conditions).
The ability to sporulate after removal of purine was not limited to mutations in a certain portion of the purine pathway. Some mutations in steps la, lb, lc, 2 and 3 allowed good sporulation. Conversely, mutants which did not sporulate very efficiently after removal of purine were blocked in steps l a (60173), l b (60016 and 61232) and 4 (61308 and 61509). It may be significant that all Gua mutants showed significant residual growth and sporulated well whereas all Ade mutants did not.
Growth and sporulation under conditions of partial purine limitation
While the correlation between the residual growth and the spore titre observed after removal of a required purine (Fig. 3) was enticing, it could conceivably be due to chance. Therefore, sporulation was also measured in some of the more tightly blocked purine mutants under conditions in which they grew at different rates controlled by different concentrations of an adequate precursor of purine nucleotides. Adenine, adenosine, hypo- . Growth and sporulation of purine auxotrophs in the absence of purines. Each point represents the average spore titre (measured 10 h after transfer to medium lacking the required purine) and the corresponding AA6oo/A6oo value (indicating residual growth in 3 h after transfer), as listed in Table 2 . The number next to each point represents the class of biochemical block as defined in Fig. 1 .
xanthine or inosine could not be used for this purpose because purine auxotrophs grew at the maximal rate until the purine was almost completely used up. The growth rate then changed within 15 min to the low value typical of the particular mutant in the absence of purines. Transfer to a medium containing a small amount of such a purine produced a somewhat higher spore titre than transfer to a purine-free medium, but it was difficult to produce different constant growth rates. However, when the medium was supplemented with different concentrations of AICA, different growth rates were observed for mutants blocked before AICAR (Fig. 4 4 . [For this and all the following experiments we used synthetic medium containing both glucose (55 m) and sodium L-glutamate (20 mM) because the cells grew more rapidly and after a shorter lag than with glucose alone.] The effect of AICA on sporulation is shown in Fig. 4 (b) for a mutant (61232) that sporulated at a low frequency in the absence of any purine ( Table 2) . Following growth in synthetic medium containing 300 pM-hypoxanthine, the cells were washed, transferred to fresh medium containing different amounts of AICA and sporulation was determined 10 h later. The spore titres increased with increasing AICA concentrations, reaching a maximum at 2 mM-AICA, and then decreased at higher AICA concentrations (Fig. 4 b) . This result demonstrates how important it was for the cells to produce nucleotides at the appropriate intermediate rate to achieve optimal sporulation in the presence of excess of other nutrients. The total viable cell titre changed comparatively little over the whole AICA concentration range. 1.0 Special behaviour of guanine auxotrophs All mutants requiring xanthine or guanine (GuaA) or strictly requiring guanine (GuaB) grew slowly and sporulated quite well when transferred to synthetic medium plus 55 mMglucose and without guanine ( Table 2) . However, only in one strain (61306) could the usual concentrations of guanine (50 pg ml-l = 330 p~) prevent sporulation at tlo. Although the rate of growth of the other three mutants (61307, 61676 and 61677) slowly increased with increasing concentrations of guanine (100 to 800 ,uM), these strains still sporulated before glucose was exhausted. Kinetic measurements for strain 61 676 showed that increasing guanine concentrations caused an increasing delay of sporulation, which amounted to about 2 h at 3 0 0~~ guanine, compared with a culture without guanine. When measured at tlO, the highest sporulation frequency (S/V 25 %) was observed with 600 pwguanine. Since these mutants carried a second mutational block in the general purine pathway, the medium was supplied with hypoxanthine or adenine (at 100 pg ml-l) in addition to guanine. Only saturating concentrations (> 1 pmol ml-l) of guanine (in addition to 735 phi-hypoxanthine) prevented sporulation, measured at tl,. For the above and the following experiments the cells were inoculated into synthetic medium containing 55 mmglucose, 20 mmglutamate, 0.1 yo (w/v) vitamin-free casein hydrolysate (Difco), 735 pM-hypoxanthine and 1 mwguanosine (the casein hydrolysate prevented the otherwise pronounced clumping of the Gua mutants). When the A,,, reached 0.5, the cells were washed (on membrane filters) in the same medium without guanosine and resuspended at the same A,,, in the medium with different amounts of guanine or guanosine.
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[8-14C[Guanine, whose fate in a culture of strain 61676 was followed by thin-layer chromatography and autoradiography of the medium, was only slowly consumed (Fig. 5a) . Apart from a faint radioactive spot at the position of hypoxanthine, no other radioactive spots were detected in the medium; apparently most of the consumed guanine remained associated with the cells. Therefore the transport and/or conversion to GMP (via phosphoribosylpyrophosphate transferase) probably limited the rate of GMP synthesis in this Gua mutant. This effect may be due to the presence of hypoxanthine which competes with guanine.
In contrast to guanine, 0.5 mM-guanosine prevented sporulation in all guanine mutants. This was examined in more detail in two guanine auxotrophs (61676, 61677). Figure 6 (u) shows typical growth curves of one such mutant (Pur GuuA, 61676) for different initial guanosine concentrations. Following an initial rapid growth, the growth rates declined and, for the lower amounts of added guanosine, the linear growth curves were eventually parallel. At a given time, the height of these parallel lines depended on the initial guanosine concentration, indicating that guanosine was rather rapidly metabolized and used up except when its concentration was > 300 PM. Without any guanosine in the resuspension medium both mutants sporulated quite well (spore titres at tlo were 1.6 x lo7 for 61676 and 8-5 x lo7 for 61677; Fig. 6b) . The spore titre increased with the guanosine concentration to a maximum at about l00,uM-guanosine for 61676 and 50,u~-guanosine for 61677 (the latter strain presumably required less guanosine for optimal sporulation because it was more leaky producing more GMP de novo). The sporulation frequency (S/V) reached a maximum value of 37% for 61676 and SO./, for 61677. For higher initial guanosine concentrations the spore titre was lower and remained below lo2 if the guanosine concentration was > 300 ,UM. The spores observed at tlo were not revertants. This was immediately apparent from the small size of the colonies on TBAB plates and was ascertained, in the case of 1 0 0 , u~ initial guanosine, for 25 colonies: bacteria isolated from such colonies grew on guanine but not on adenine or hypoxanthine. The other two Gua auxotrophs (61306, 61307) also sporulated well with 100 ,uM-guanosine and showed no sporulation with 1 mM-guanosine. ---) and 61677 ( -1.
high sporulation frequencies for the Ade mutants, by changing the adenine or adenosine concentration in the medium, were unsuccessful.) To analyse the rapid metabolism and fate of guanosine, a culture of the Pur GuuA mutant (61676) was grown and washed as above and then inoculated into a medium containing 50 ,UM [U-14C] guanosine (1.67 pCi ml-l). At different times samples were centrifuged and 5 pl of each supernatant was chromatographed on thin-layer plates. After autoradiography it was apparent that guanosine disappeared rapidly and a strong radioactive spot appeared at the position to which guanine (added as non-radioactive marker) chromatographed (the material was definitely not xanthine, hypoxanthine, inosine, adenine or adenosine). The spots were cut out and their radioactivities were measured; Fig. 5 (b) shows how the guanosine label decreased while the label of the new spot (guanine) increased with time. The rapid initial growth in the presence of guanosine indicates that guanosine was effectively converted to GMP as that was needed for growth. But simultaneously, much of the guanosine was rapidly converted (inside the cell or on its surface) to guanine and released into the medium. The subsequent uptake and metabolism of extracellular guanine to GMP (via phosphoribosyl transferase) was so slow that the rate at which GMP and its products were then produced apparently limited the rate of growth and no longer sufficed to suppress sporulation.
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DISCUSSION
Our results demonstrate that purine auxotrophs of B. subtilis can sporulate in a medium containing excess ammonia, glucose and phosphate but lacking the required purine, if they are able to continue growth at a low rate due to a leaky purine mutation. If the medium contains small amounts of the required purine, which are used up before the maximum possible AGoo has been reached, the mutants sporulate somewhat better than if they are transferred to a medium without purines. The best sporulation is observed for specific guanine auxotrophs; they sporulate even in the presence of guanine, which they transport and metabolize in the presence of hypoxanthine only slowly. Guanosine, which is rapidly metabolized into another compound (probably guanine), allows optimal sporulation if its initial concentration is 50 to 1 0 0~~ (depending on the Gua mutation); at high concentrations (> 500 PM), guanosine is not used up by the time growth stops and no sporulation is observed for an extended time.
Non-leaky purine auxotrophs can also sporulate in excess ammonia, glucose and phosphate if they are continuously supplied with small amounts of a precursor of purine nucleotides entering the purine pathway after the mutational block. We found it easiest to regulate this purine supply by using AICA for which different and rather high concentrations in the medium produced different rates of growth; apparently, the cellular rate at which the phosphorylated compound AICAR is synthesized is proportional to the extracellular concentration of AICA. Adenine, hypoxanthine or their nucleosides could not be used in this way because even low concentrations of these compounds allowed growth at the maximum rate until the compound was virtually exhausted. [An exception is the Pur mutant 61305 which sporulates even in the presence of hypoxanthine (300 ,UM) presumably because hypoxanthine is not rapidly converted to IMP in this strain, similar to the effect of guanine in the abovementioned guanine mutants; this effect was not further investigated.]
Our results suggest that those purine mutants of B. cereus (Levisohn & Aronson, 1967) and B. megaterium (Elmerich & Aubert, 1975) which can sporulate without any purine in the presence of rapidly metabolizable nitrogen and carbon sources may either be leaky in their purine deficiency or may accumulate enough precursors to supply the required purines at a slow rate during development. Furthermore, the one reported glutamine-requiring mutant of B. megaterium able to sporulate in the absence of glutamine (Elmerich & Aubert, 1975) may be leaky in its glutamine deficiency so that it can supply the purine nucleotides, whose synthesis depends on glutamine, at the necessary slow rate.
In contrast to the results of Elmerich & Aubert (1975) with B. megaterium, we have found in B. subtilis that not only mutants blocked between PRPP and AIR but also mutants blocked in later steps of the purine pathway, including the GMP branch, can sporulate well in the presence of excess ammonia, glucose and phosphate when the required purine is removed. This difference could indicate a basic difference in the mechanisms controlling sporulation of B. megaterium and B. subtilis. It appears to us more likely that the purine auxotrophs of B. megaterium isolated by these authors as deficient in step la of purine synthesis (Fig. 1) were of necessity leaky because the isolation medium did not contain thiamin, whose synthesis requires AIR. In contrast, the purine auxotrophs blocked after AIR might be too stringent (non-leaky) to allow sporulation in the absence of any purine in the medium. This issue could be resolved by measuring the sporulation of such mutants in the presence of a nucleotide precursor such as AICA whose concentration in the medium controls the intracellular concentration of nucleotides.
Although sporulation was induced here under conditions of slow growth, i.e. continued division of some cells in the population, such growth is not necessary for differentiation, as is demonstrated by the fact that cells sporulate at the end of growth in the usual sporulation media. However, the continued slow supply of nucleotides is necessary for DNA synthesis at the beginning of sporulation and for continued mRNA synthesis required to produce the multitude of sporulation-specific proteins. In some organisms, such as B. megaterium grown
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under appropriate conditions, all nucleotides can be produced by turnover and de novo synthesi s utilizing intracellular carbon sources (poly-P-hydroxybutyrate). In the smaller cells of B. subtilis, some nucleotides clearly have to be synthesized during sporulation either de novo using extracellular carbon sources or by salvage synthesis, as was shown by the use of auxotrophic mutants under the usual sporulation conditions (Freese et al., 1974) and is evident from the results presented here.
Presumably, the Bacillus species has evolved control mechanisms regulating the proper supply of nucleotides from slowly metabolizable carbon sources at the time at which growth has virtually ceased. Under our growth conditions, in the presence of glucose, nucleotides are formed at such a rapid rate that sporulation normally remains suppressed. If this synthesis is partially reduced by inhibitors (Mitani et al., 1977; Freese et al., 1978; Heinze et al., 1978) or by limiting the purine supply to auxotrophic mutants as done here, sporulation is initiated in some cells while others, being at a different stage of their growth cycle, having larger amounts of purine transport molecules or being different in size, continue to divide (at least for some time). While one can thus understand the stochastic distribution of cells producing symmetric and asymmetric septa, we were surprised that partial purine, and especially guanine, starvation alone suffices to allow the sporulation development to go to completion. (This requires, for example, that the asymmetric septum is not filled with large amounts of murein.)
The studies using metabolic inhibitors indicate that sporulation results from a reduction in the synthesis of AMP or GMP and their metabolic products. But it is important to note that these syntheses are interdependent because ATP is required for GMP synthesis and GTP for AMP synthesis. In fact, other results from this laboratory show that hadacidin, which specifically inhibits the de novo synthesis of adenine nucleotides and inefficiently induces sporulation, causes a decrease of all nucleoside triphosphates including GTP. In contrast decoyinine, which specifically inhibits the de novo synthesis of guanine nucleotides, or guanine deficiency produced in a guanine auxotroph (both conditions that efficiently produce sporulation), decrease the concentration of guanosine -but not adenosine -nucleotides (Lopez, Marks & Freese, Biochimica et biophysica acta, in the Press). Furthermore, all our specific adenine auxotrophs sporulate poorly on removal of adenine whereas all our specific guanine auxotrophs sporulate well (with or without guanine) after guanosine has been used up. Thus, the decrease of guanine nucleotides may be essential for the initiation of sporulation. It remains unresolved whether this decrease causes the decrease of a repressor or the production of an inducer of sporulation, or whether it generates a new balance in the relative rate of the syntheses of RNA and protein on the one hand and of other polymers (membrane) on the other. John E. Heinze was on leave from the Department of Biology, Oklahoma Baptist University, during the course of these experiments and gratefully acknowledges the University's support and encouragement.
